On the possibility to supercool molecular hydrogen down to superfluid transition 
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Recent calculations by Vorobev and Malyshenko (JETP Letters, 71, 39, 2000) show that molecular 
hydrogen may stay liquid and superfluid in strong electric fields of the order of 4 x 10 7 V/ cm. I 
demonstrate that strong local electric fields of similar magnitude exist beneath a two-dimensional 
layer of electrons localized in the image potential above the surface of solid hydrogen. Even stronger 
local fields exist around charged particles (ions or electrons) if surface or bulk of a solid hydrogen 
crystal is statically charged. Measurements of the frequency shift of the 1 — > 2 photoresonance tran- 
sition in the spectrum of two-dimensional layer of electrons above positively or negatively charged 
solid hydrogen surface performed in the temperature range 7 - f3.8 K support the prediction of 
electric field induced surface melting. The range of surface charge density necessary to stabilize the 
liquid phase of molecular hydrogen at the temperature of superfluid transition is estimated. 



PACS no.: 05.70.Fh, 05.70.Ce, 05.30.Ip. 

The prediction by Ginzburg and Sobyanin [jj] that suf- 
ficiently supercooled liquid molecular hydrogen may un- 
dergo transition to a superfluid state attracts much cur- 
rent attention. Recent theoretical calculations |^|| show 
that such a transition may occur around 1.1 - 1.2 K. 
On the experimental side, a lot of work has been done 
on molecular hydrogen in porous vycor glass |^,^| and 
on the thin hydrogen films adsorbed on different sub- 
strates |(| . Although some supercooling of liquid hydro- 
gen was indeed observed in the experiment, the temper- 
atures achieved were not sufficiently low to induce super- 
fluid transition. 

Very recently a new possibility to produce a strongly 
supercooled molecular hydrogen state has been suggested 
on the basis of thermodynamic functions calculation of 
the molecular hydrogen in both the stable and metastable 
regions M. It has been proposed to expose a two-phase 
system of solid and liquid hydrogen to the effect of strong 
external electric field. According to |Q, the condition of 
phase equilibrium in this case may be written as 
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where p,\{p) and ^ip) are the chemical potentials of 
the solid (1) and liquid (2) hydrogen phases at pressure p, 
E is the electric field intensity, e is the dielectric constant, 
and p is the density. The plus sign corresponds to the case 
when the field is generated by constant charges, and the 
minus sign corresponds to the field created by constant 
potential. The action of electric field on the two-phase 
system may be understood in terms of creation of "dif- 
ferent pressures" in the phases. As a result, the liquid 
and solid hydrogen phases which normally can not coex- 
ist at any positive pressure around 1 - 2 K, may coexist 
in equilibrium with each other around the temperature 
of superfluid transition at small positive pressures. Un- 
fortunately, the electric field necessary for this to occur is 



quite large due to the small difference in e for liquid and 
solid hydrogen. The result obtained in Jt| for the case of 
field generated by constant potentials and the field lines 
parallel to the phase boundary looks like 
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y/ z = 4 x WV/cm 
(2) 

where Clausius-Mosotti relation was used to get the 
value of (de/dp)T, and the following values of dielectric 
constant and density were accepted: e\ = 1.3, e 2 = 1.25, 
pi = 0.087g/cm 3 , and p 2 = 0.078g/cm 3 . About the 
same value of the electric field may be obtained for the 
cases of field created by constant charges and/or field 
lines perpendicular to the phase boundary. It was unclear 
for the authors of if such strong fields can be created 
in solid hydrogen because of dielectric breakdown and 
other experimental difficulties. 

In this Letter I am going to show that strong local elec- 
tric fields of similar magnitude exist in some real physical 
systems created in the lab, namely, beneath a two- di- 
mensional layer of electrons localized in the image poten- 
tial above the surface of solid hydrogen || . Even stronger 
local fields exist around charged particles (ions or elec- 
trons) if surface or bulk of a solid hydrogen crystal is stat- 
ically charged. I am going to present the data of measure- 
ments of the frequency shift of the 1 — ► 2 photoresonance 
transition in the spectrum of such two-dimensional layer 
of electrons above positively or negatively charged solid 
hydrogen surface performed in the temperature range 7 
- 13.8 K. These previously unpublished data obtained 
in H strongly support the prediction of electric field 
induced melting of solid hydrogen. I am also going to 
estimate the range of surface charge density necessary to 
stabilize the liquid phase of molecular hydrogen at the 
temperature of superfluid transition. 

Most of the experimental and theoretical work on two- 
dimensional surface image states above the dielectric sur- 
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faces with (e —1) << 1 has been done for the case of 
liquid helium [|10|. In the simplest model, the interac- 
tion potential <f> for an electron near the surface of such a 
dielectric depends only on the electrostatic image force, 
and on the external electric field E, which is normal to 
the surface and is necessary for the electron confinement 
near the surface: 

<j)(z) = -e 2 (e - l)/(4z(e + 1)) + eEz = -Qe 2 / z + eEz 

(3) 

for z > 0, and <p(z) — Vq for z < 0, where the z axis 
is normal to the surface, and Vq is the surface poten- 
tial barrier. If Vb — > oo one obtains the electron energy 
spectrum 

E n = -Q 2 me A /{2h 2 n 2 ) + eE < z n > +p 2 /(2m) (4) 

The first term in this expression gives the exact so- 
lution for E = 0. The second term is the first-order 
correction for a non-zero confining field, where the av- 
erage distance of electrons from the surface in the nth 
energy level is < z n >= 3n 2 K /(2me 2 Q). This correc- 
tion provides an extremely convenient way of fine-tuning 
the energy spectrum. The last term corresponds to free 
electron's motion parallel to the surface. It is important 
to mention that at sufficiently high electron density indi- 
vidual electrons in these surface states are no longer free. 
When the average electrostatic potential energy per elec- 
tron exceeds about lOO/c^T the electron layer undergoes 
transition into the two-dimensional Vigner crystal state 
fiof with the parallel motion of individual electrons sub- 
stantially restricted by other electrons in the lattice of 
the Vigner crystal. 

Similar two-dimensional electron layers have been ob- 
served on the surface of liquid and solid hydrogen. Reso- 
nance absorption of light for 1 — ► 2 and 1 — ► 3 transitions 
in the spectrum of electrons levitating above the surface 
of solid hydrogen has been reported and the frequencies 
of these transitions were measured as a function of the 
confining electric field || . While general agreement with 
the spectrum (4) within 30% has been observed, quite 
a few important questions have been raised by these ex- 
periments which have not yet found satisfactory answers. 
The most striking feature of this system is a very strong 
dependence of the photoresonance frequencies on the hy- 
drogen temperature (or vapor pressure). The frequency 
of 1 — > 2 transition in zero confining field grew by 20% on 
the cooling down from 13.6 K to 7 K. In the absence of 
any other competing theory at the time of the measure- 
ments, this effect was interpreted in terms of quantum 
refraction [jllj due to the presence of hydrogen vapor 
molecules around the levitating electrons. For this ex- 
planation to be true, the scattering length value for the 
scattering of an electron by a hydrogen molecule has to be 
equal to L — — 1.4A, contrary to the currently accepted 
value of L = +0.672 A [12]. On the other hand, if spectral 
changes are completely attributed to the increase in the 



value of Q = (e — l)/(4(e + 1)), the frequency shift may 
be interpreted as a gradual freezing of the supercooled 
liquid hydrogen film on top of the hydrogen crystal (with 
an increase of the dielectric constant of the thin surface 
layer from the liquid hydrogen value of 1.25 to the solid 
hydrogen value of 1.3). This consideration raises an im- 
portant question: how strong is the electric field on the 
surface of the solid hydrogen just below an electron in 
the ground surface state? Can it cause a substantial su- 
percooling of the liquid molecular hydrogen phase on the 
surface? 

If we imagine for a moment that the electron is not 
moving parallel to the surface, the answer is very easy 
to get. We may forget about small contribution from 
the electron's image and write the average value of the 
local field as < E L >=< ejz\ > = 9e/(2 < Z\ > 2 ), 
where we have used the ground state wave function for an 
idealized potential (3) with an infinite potential barrier. 
Taking into account the experimentally observed value of 
< z x >= 20l H, we obtain < ^ >= 1.6 X 10 7 V/ cm. 
This field is of the same order of magnitude as the field 
that is (according to 0) sufficient to stabilize superfluid 
liquid hydrogen phase. 

Unfortunately, free electrons rapidly move around the 
surface and every region of solid hydrogen surface expe- 
riences this strong electric field for very brief periods of 
time. This situation changes at sufficiently high electron 
density and low temperature when the electron layer un- 
dergoes transition into the Vigner crystal state. In this 
state the motion of each individual electron is substan- 
tially restricted to a small area around electron's equi- 
librium position in the Vigner crystal lattice by electro- 
static interaction with other electrons in the lattice. Let 
us estimate the size of this area for the parameters of the 
electron system typically observed in the experiment. 

The density of electrons on the solid hydrogen sur- 
face is determined by the external confining field: n < 
£/(47re) f|. Density values of the order of 3 x 10 10 - 
10 n cm -2 were routinely observed. At n — 10 n cm~ 2 an 
electrostatic potential energy per electron is of the order 
of e 2 v}l 2 = 540/cb x IK. Thus, at T=1K such an electron 
system will be in two-dimensional Vigner crystal state. 
Classically allowed area of electron's motion around its 
equilibrium state in the lattice may be estimated by tak- 
ing into account only the nearest neighbors located at a 
distance d from each other. For the potential energy we 
may write approximately 

V = e 2 /(d -x) + e 2 /{d + x) = 2e 2 /d + 2e 2 x 2 /d 3 (5) 

where x is the displacement towards the nearest neigh- 
bor. Immediately we obtain an estimate for the radius 
of the allowed area as x = n- 1 / 2 (k B T/(e 2 n 1 / 2 )) 1 / 2 . At 
T=1K and n — 10 11 cm~ 2 this radius is approximately 
lOA. Thus, an electron stays over the same region of 
the hydrogen surface. We may now conclude that at the 
above mentioned parameters of the electron system and 
at the temperatures near the temperature of suspected 
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FIG. 1. Line shift (a) and line broadening (b) of the pho- 
toresonance 1 — ► 2 transitions in the spectrum of surface elec- 
trons levitating above the surface of solid hydrogen in the 
presence of static negative surface charge a. Both the fre- 
quency shift and the line broadening were measured at fixed 
wavelengths of excitation light (79 /im and 84.3 /im) by tun- 
ing the confining electric field E. Energy spectrum (4) must 
be used to convert these data into the units of frequency. The 
dashed line has a slope of 2-n. 



Similar negative frequency shift was observed also 
in the case of positive static surface charge, although 
detailed measurements of the frequency shift and line 
broadening were not conducted in this case. It was pos- 
sible to create a two-dimensional electron layer on the 
surface of positively charged hydrogen crystal (in zero 
or even repulsive external electric field E). Both posi- 
tive ions charging the surface and free electrons were de- 
posited in turn on the surface of hydrogen crystal at P=5 
Torr hydrogen vapor pressure from the gas discharge cre- 
ated in the experimental chamber. The life time of free 
electrons in such a system was longer than an hour which 
allowed us to perform spectroscopic measurements shown 
in Fig. 2. Photoresonance 1 — ► 2 transition has been 
detected in such a system at A = 118.6/ito wavelength 
of excitation light at N ~ 10 10 cm -2 density of positive 
ions deposited onto the hydrogen crystal surface. This 
corresponds to the frequency of 1 — > 2 transition sub- 
stantially below the frequencies of 1 — > 2 transitions in 
zero confining field observed in surface electron layers in 
the absence of static charge in all the temperature range 
studied (7-13.8 K). The fact that negative frequency shift 
is observed both for positive and negative static surface 
charge is a strong argument in favor of electric field in- 
duced liquid hydrogen supercooling phenomenon. 



comparable to the field which may stabilize supercooled 
liquid hydrogen at the temperature of superfluid transi- 
tion occur naturally in such existing physical systems as 
electrons levitating above the surface of solid hydrogen 
and statically charged hydrogen crystals. The results of 
photoresonance measurements performed on the system 
of levitating electrons with and without static surface 
charge strongly indicate the possibility of liquid hydro- 
gen supercooling in these systems. It would be extremely 
interesting to study the behavior of charged solid hydro- 
gen at temperatures around T=l K with the goal of the 
observation of supercooled superfluid hydrogen phase. 



FIG. 2. Photoresonance 1 — > 2 transition detected 
at A = 118.6^im wavelength of excitation light in the 
two-dimensional electron layer levitating above the surface 
of positively charged ~ 0.5 mm thick solid hydrogen crystal. 
The signal (b) proportional to the derivative of the optical 
absorption was recorded while scanning the potential of the 
electrode located below the hydrogen crystal (note that the 
external field applied to the electrode is repulsive for the sur- 
face electrons). The upper curve (a) show the non resonant 
radio frequency absorption of the electron layer used to char- 
acterize the electron density [8]. Positive ions charge the hy- 
drogen surface at point (1) when gas discharge was created 
in the experimental chamber. When the potential of the elec- 
trode was reversed, the gas discharge appeared again at point 
(2) leading to the appearance of free electrons on the hydro- 
gen surface. The curve (b) was measured on the way from 
(2) to (3). At point (3) free electrons started to leave the 
hydrogen surface. They completely disappeared at point (4). 

Although the physical location of static charges with 
respect to the hydrogen surface is not as clear as in 
the case of free electrons (and, hence, the sample is not 
as well characterized) our data show that the charged 
solid hydrogen phase is easily accessible to experiments, 
and it is a very interesting physical object from the 
point of view of superfluid molecular hydrogen observa- 
tion. If E\ is a field necessary for supercooled liquid 
and solid phase coexistence, the diameter of the area 
around a static charge where this condition is met is 
determined by d = {Ae/E\) l t 2 . Using the result of 
one may get d ~ 15A. At static charge concentration of 
N ~ 1/(4g? 2 ) = 10 13 cm~ 2 one may expect a substantial 
portion of the crystal surface to be in adequate condi- 
tion for the liquid and solid phase coexistence at T=l 
K. It must be also noted that the values of temperature 
and field necessary for the superfluid transition to occur 
are not quite known. In reality one may see the onset 
of superfluid transition at sufficiently lower static charge 
densities. 

In conclusion, it was pointed out that the electric fields 
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